Abstract-Much effort is expended in developing biomimetic scaffolds that provide the micro-architecture of native tissue with appropriate cellular niches. Such scaffolds are often seeded with progenitor cells to generate engineered replacements for diseased or damaged tissues. An alternative approach relies on biology, rather than technology, to provide scaffolds containing progenitor cells in authentic niches. This article describes the use of accessible living tissues containing endogenous progenitor cells in their native, physiological environments. Such tissues also possess scaffolding properties, and can be readily harvested, manipulated and returned to the patient intra-operatively to facilitate repair and regeneration. Our group has explored the in situ genetic manipulation of cells within these tissues before they are reimplanted, although other means of modulation are certainly possible. Examples of suitable donor tissues include marrow, skeletal muscle and fat. In the case of marrow, clotting produces a moldable, autologous fibrin matrix containing endogenous cells; if necessary, exogenous cells can be added prior to clotting. These approaches have been studied experimentally in orthopaedic contexts, particularly for the healing and regeneration of bone and cartilage.
INTRODUCTION
Of the various strategies employed for tissue engineering and regenerative medicine, there is much interest in the use of biomimetic, cell-seeded scaffolds. 15, 18 In many cases, the cells in question are autologous progenitors that have been expanded in culture before inoculation onto scaffolds designed to provide an authentic, pericellular microenvironment. After a period of further in vitro incubation, during which differentiation of the cells may be initiated, the construct is implanted. While effective in certain circumstances, this strategy has limitations.
One issue is the need for two invasive procedures, one to harvest autologous cells and the other to implant them. This drawback can be mitigated if cells are recovered in a minimally invasive fashion, such as from peripheral blood 38 or urine, 1 or if allogeneic cells are employed. 36 However, many protocols use tissues that require more intrusive harvesting. A second issue is the isolation and expansion of cells under Good Manufacturing Practice (GMP) conditions, something that is tedious and expensive. Finally, when the expanded cells are seeded onto the scaffold, they will need authentic cell niches to restore their appropriate differentiation capacity and function. Re-creating such niches is proving difficult, especially as in many cases the niche remains poorly characterized. 24 An alternative approach relies on biology, rather than technology, to provide scaffolds containing progenitor cells in authentic niches. This strategy harvests accessible donor tissues that contain progenitor cells and have scaffolding properties. This tissue is then manipulated in an appropriate fashion to initiate the required differentiation of its progenitor cell population before transfer into the repair site. This could be performed in a single, intra-operative procedure. Because the intra-operative window of opportunity is short, our group has focused on the use of gene transfer to initiate differentiation of the tissue grafts. 8, 11, 12 Adenovirus vectors hold many advantages in this setting, because they are straightforward to produce at high titer, very infectious to many different cell types, provide high levels of transgene expression and normally express in vivo for 3-6 weeks before they are cleared by endogenous biological mechanisms; this period of time may be well suited to the needs of tissue regeneration. 12 Pre-clinical data from the orthopaedic arena, using marrow, muscle and fat, provide support for this concept.
BONE MARROW
Bone marrow has long been recognized as a source of multipotent progenitor cells of value for regenerating bone, cartilage and a variety of other orthopaedic tissues. 4 Although marrow is not a solid organ, marrow aspirates soon clot, forming an autologous fibrin scaffold containing progenitor cells. In many cases, natural wound healing is initiated by cells in fibrin clots, confirming their suitability for tissue repair and ability to provide progenitor cells with an appropriate environment for this purpose. One advantage of using marrow aspirates in this fashion is the accessibility of the cells to modulating agents before the clot forms, thereby maximizing opportunities for purposeful manipulation. Our group has taken advantage of this by transducing marrow cells with viral vectors during this window. An additional advantage of this method is the ability to form the clot to the shape and dimensions of the defect to be repaired.
Proof of principle ( Fig. 1) was established in the context of cartilage repair. Using a rabbit model, it was possible in one surgery to harvest marrow, transduce the marrow cells with recombinant adenovirus, allow a clot to form and press-fit the construct, known as a ''gene-plug'', into an osteochondral defect 29 (Fig. 2) . In addition to transducing cells trapped within the marrow as it clots in vitro, adenovirus is likely to be retained within the fibrin meshwork. Under these conditions, it can transduce additional cells as they migrate into the gene plug from underlying marrow and bone. The efficiency of gene transfer is likely to be enhanced by the high transduction efficiency of adenovirus when bound to fibrin. 26 The data confirmed minimal transduction of cells outside the defect, which is an important consideration when using transgenes, such as transforming growth factor (TGF)-b 1 , whose products are detrimental when expressed in synovium. 25 Encouraging initial results were found with this protocol using bone morphogenetic protein-2 (BMP-2) cDNA as the transgene but subsequent endochondral ossification 32 ensued (Steinert, personal communication). However, cartilage formed by this technology with Indian hedgehog as the transgene did not undergo ossification (Steinert, personal communication) .
Rather than form a gene plug, Madry and colleagues have added recombinant adeno-associated virus vectors intra-operatively into osteochondral defects in rabbits by direct application. This transduces progenitor cells as they enter the defect from underlying tissues while the exudate clots, thus forming FIGURE 1. Concept of gene transfer to osteochondral defects using genetically modified, clotted, autologous bone marrow. Freshly aspirated marrow is mixed with a vector that carries appropriate reparative cDNAs, and is allowed to clot in a suitably shaped container. The clot, which now contains genetically modified marrow cells and bound vector, is press-fit into the defect. Expression of the transgenes promotes differentiation of progenitor cells within the lesion along the appropriate lineages to regenerate cartilage and subchondral bone. From Ref. 11, with permission.
an in situ gene plug. Promising results were reported with vectors carrying cDNA for fibroblast growth factor-2 6 and insulin-like growth factor-1. 5 Ivkovic and colleagues have extended the gene plug approach to chondral defects in sheep, using TGF-b 1 cDNA as the transgene. 16 Their data show a clear improvement over controls (Fig. 3) , and the representation of type II collagen within the repair tissue was equivalent to that of native cartilage. This is noteworthy, because restoring physiological amounts of type II collagen, unlike proteoglycan, in repair cartilage is difficult. The sheep experiments also confirmed the clinical feasibility of the technology, noting that the entire procedure could be performed by 2 surgeons in 30-45 min. 16 Despite these encouraging results, healing of the defects in sheep was incomplete. It is possible that the gene plug contains insufficient chondroprogenitor cells to fill a defect that is entirely chondral and thus lacks access to additional cells entering from the bone marrow. Experiments using rabbits have confirmed the possibility to augment the cellularity of the gene plug by the addition of exogenous cells, which provides a possible way to overcome this limitation. The exogenous cells may be genetically modified prior to addition. 29 Gianotti et al. have recently demonstrated the feasibility of using autologous fibrin clots formed from plasma to deliver autologous, genetically unmodified, mesenchymal stromal cells for bone healing in a clinical trial. 14 
SKELETAL MUSCLE
Skeletal muscle has a remarkable propensity to form bone. This is seen at its most extensive in the genetic disease fibrodysplasia ossificans progressiva (FOP), caused by an activating mutation in a BMP receptor. 30 Accelerated osteogenesis is often triggered in these patients by an injury. Formation of heterotopic bone in muscle also occurs in unaffected individuals after blast injuries 13 and certain types of surgery. 37 Moreover, it has been known since the time of Urist that the introduction of osteoinductive materials into skeletal muscle provokes a marked osteogenic response. 34 FIGURE 2. Gene delivery to osteochondral defects using bone marrow clots. (a-c) Fresh aspirates of bone marrow were mixed with 10 10 vp of Ad.Luc or Ad.GFP, and allowed to coagulate in individual wells of a 96-well plate. The clots were removed with forceps, loaded into a 3 mm diameter tube fitted with a plunger, and implanted into 3 3 8 mm osteochondral defects generated in the femoral condyles of rabbits. At periodic intervals postimplantation, the knees were harvested and implants examined. 
Evans et al.
10 undertook a series of experiments to determine whether the high osteogenicity of muscle could be harnessed for bone healing. This was evaluated in a rat segmental defect model, using in situ transduction with adenovirus carrying BMP-2 cDNA (Ad.BMP-2) to provide an osteogenic signal to the muscle grafts. Preliminary experiments confirmed that it is possible to transduce cells within muscle biopsies in situ using adenovirus vectors. Healing of critical size defects using genetically modified muscle grafts was remarkably effective in Fischer rats, which are syngeneic and therefore serve as surrogates for autografting (Fig. 4) . Efficiency was much reduced in Sprague-Dawley rats which, although inbred, are not syngeneic. This indicates the sensitivity of this method to immune activation, suggesting that allografted muscle would not work. Syngeneic muscle grafts transduced with Ad.BMP-2 were also able to form bone in rat cranial defects. 20 Osteogenesis in the muscle of patients with FOP and in rats receiving genetically modified muscle grafts is endochondral. Moreover, unmodified muscle grafts implanted in segmental defects in rats underwent spontaneous, delayed chondrogenesis in certain animals. 10 This suggested a possible role for muscle grafts in healing cartilage defects; this was evaluated in a pilot study in rabbits. Grafts of autologous muscle were transduced with Ad.BMP-2 and implanted into osteochondral defects in trochlear grooves and femoral condyles. 10 Examination of the defects 6 weeks later revealed marked improvement in restoration of both cartilage and subchondral bone in response to the genetically modified muscle (Figs. 5 and 6 ). Although the inserted muscle grafts were presumably isotropic, it is noteworthy that the regions closest to the joint space formed cartilage and the deeper regions, bone. Presumably local cues are important determinants of cell fate. Longer-term studies are required to determine whether the newly formed cartilage remains intact, degenerates or undergoes endochondral ossification.
Genetically modified muscle grafts have also been used as adjuncts to tendon repair in a rat Achilles tendon model. 21, 22 FAT Unlike muscle, autologous adipose tissue is readily available in large quantities. Partly for this reason it is increasingly popular as a source of progenitor cells, and large numbers of such cells can be recovered from relatively small biopsies. 27 Its physical properties are such that intact adipose biopsies can serve as space filling scaffolds and it is possible to transduce cells within intact biopsies of fat. 10 Grafts of genetically modified fat are able to heal critical sized defects in rat femora (Fig. 4) , although less reliably than equivalent grafts of muscle. 10 In preliminary experiments using osteochondral defects in rabbits, genetically modified fat grafts produced a repair equivalent to that produced by muscle grafts 10 ( Figs. 5 and 6 ).
Adipose tissue contains many different cells types, several of which have the potential to differentiate into osteoblasts or chondrocytes. 19 Pericytes are present, but experiments to determine whether these cells contribute to the repair tissue have not been performed. The various types of cells within fat may synergize to provide a regenerative response that is superior to that of isolated, homogeneous populations of passaged cells.
TENDON AND LIGAMENT
Both tendon 2 and ligament 31 contain multipotent progenitor cells that could be used for tissue engineering. Although this has not yet been exploited in the specific context of the present article, where tissue is harvested, modified and reimplanted during one operation, it has been evaluated in the related strategy of in vivo tissue engineering. 23 In this technology, formation of the new tissue is initiated ectopically in vivo by manipulation of the progenitor tissue, and subsequently transplanted to the repair site. This general approach was first demonstrated by Stevens et al. who formed bone by introducing an alginate gel between the tibia and periosteum of rabbits. After 6 weeks, the newly formed bone was transplanted into FIGURE 4. Serial radiographs of defects in rat femora following the implantation of gene-activated muscle and fat grafts. Control defects received tissue grafts transduced with control virus carrying marker genes. Radiologic bridging can be seen in as little as 10 days when using Ad.BMP-2 modified muscle grafts. Healing is slower using Ad.BMP-2 modified fat, with radiolucency at 10 days, and bridging seen only by 2 weeks. Images from 2 weeks onward (fat) and 4 weeks onwards (muscle) show the best and worst healers, based on radiologic appearance, in each group of rats. From Ref. 10. defects in the contralateral tibia, with subsequent healing. A variation of this approach has been used clinically by using the body as its own bioreactor for forming bone within the latissimus dorsi muscle. 35 The ectopically formed bone was then transplanted into a mandibular defect.
Ozeki et al. 28 were able to regenerate meniscal tissue in rat knees using transplanted Achilles tendon. BMP-7 was first injected into the tendon to initiate differentiation of multipotent progenitor cells into fibrochondrocytes. The tendon was then transplanted into the site of a large meniscal defect in the same animal, where it regenerated the lost meniscal tissue. Moreover, it prevented the degeneration of articular cartilage that would otherwise occur as a result of subsequent osteoarthritis. As autologous tendon grafts are already used clinically in meniscal reconstruction and BMP-7 is approved for human use in certain circumstances, this procedure seems well placed for clinical translation.
DISCUSSION
Our bodies have a surprising, but latent, ability to regenerate that can be drawn upon to aid the restoration of damaged tissues. 7 In particular, there are reservoirs of endogenous, multipotent progenitor cells in many tissues that are amenable to ready biopsy, modification and re-implantation. As reflected in this review, the literature on their activation in this manner is small, but the examples described here show considerable promise in pre-clinical, animal models. Most of the examples in the literature rely on the use of viral vectors for gene transfer, which raise concerns regarding safety and clinical translation. 9 While the use of gene therapy certainly increases the cost, complexity and time-line for entering and completing clinical trials, a growing number of protocols in tissue engineering and regenerative medicine are entering human trials; indeed, the field of gene therapy as a whole is finally gaining traction. Non-viral vectors provide the potential to expedite the process of translation but their use is constrained by transient, low level expression of the genes they carry. As noted by the work of Ozeki et al., 28 described earlier in this review, it may prove possible to achieve the in situ differentiation of progenitor cells using a single application of a recombinant protein, rather than a vector, which would simplify the process even further. It may also be possible using small molecules. 17 All examples of using modified native tissues so far are drawn from the orthopaedic arena, and it is unclear whether this technology can be extended to the regeneration of complex organs.
As noted, the abbreviated ex vivo strategies favored by our group compliment the in vivo tissue engineering protocols 23 of other investigators. These, in turn, merge into the in situ tissue engineering ideas initiated by Goldstein and Bonadio 3 where tissue regeneration occurs within the lesion without the need for secondary manipulations. 
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